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I, Test Grganisms 
- . -  A, Test spores of 3 a z f i i 2 s  - siz~il~.i:.s var.  nicer were used i n  t h e  
kirieLic s tud ie s  as a standard 20- c~rn2z:Lson :G tile r h e r r i d  res is t ivi t ies  
of i s o l a t e s  cbtained froxi sc i l ,  
- ~t rjasforrnd t h a t  t h e  popalation oE 2. s u b t i l i s  var,  nicer spores,  
normally a red-pigmented organism, also ccntained a number of n u t m t s ,  
These were: 
1) Spores which fozxei! less p i s e n t e d  progeny, 
The above nu tan t s  w e r e  isolated and t h e l r  thermal resistivities 
vere conpared t o  that of t h e  o r i g i n a l  culture. T'neir inciderice is  not  
very high, 
T'ne method f o r  obtaining spores ,  t h e l r  7.ethods f o r  assay, and 
;i;e su;?port azterial  f o r  t h e  d e t e m i n a t l o n  of thermal r e s i s t i v i t y  w e r e  
d e t a i l e d  i n  a prcvious report (Silverxan and Dunn, 1965, F i n a l  Zeport 
Contract XSG-691, 2.S.S.) 
3 ,  Isolates 
ihe pr3grx?  of coi:i;>arTnz "c:e them.ai resist ivit ies of isolates m 
.,> ~,.IL Lz5ne2 f r m  var izus  ,--.L .&&LL~J ---, so'clrccs has been inl2iisteci and i s  bchg 
G.c .LLveI~~ r xrsicd. Xicrobia l  spores vege t s t ive  saectes , and spores  
J -  
Era; actinor,zycctes obtained f rorn a previous .therr?al-vacuun s tudy  are 
curzent ly  k i n g  evsluated. I n  addition, isolates f rom d e s e r t  s o i l s ,  
alr ccntaxinants  Eronxiss i le  zsscxb2y plants,  etc, are being prepared 
f o r  e:ta:rinc?tion, 
ev~iuateed, 
of 
spores  for screcning purposes rci.11 be less thorough and only those specles  
which are  of high "ihernml r e s i s t i v i - t y  till1 be prcpa-ed and s tudied  i n  a 
=ore thorough nanner. 
r -  To date  spores frorrr f ive  microbFz.1 spec ies  have been 
T'ne tir.:e required t o  pesform t h e  harvesting an& pur r f i ca t ion  
I 
'LF'es.-, 8 j  spores has beer, lengtky, iil the Euture the purifLcat ion of these 
. . -  
The apparatus c o n s i s t s  of .two hinged supports made fro= i$ inch 
lila?Lc, 
s h e t  b - e z t e r  which i s  mr,s:rEcted Lroa a r e s i s t a n c e  n ichroze w i r e  (500 watt) 
srx%ic:--cd Setweer: two sheets of s i i i c o a e  rubber. Zetween the wood and t he  
3ezter Ls r i/8 Inch asbestos pad ar;d,oa Z h e  o-Lher slde oE the hea-ker, i s  
2 1/3 Lnc'i; cu?per ?late, 
Z e a t  i s  sup?l ied  to c2ch h a l f  by a 6; inch by 11 inch 500 watt 
The i;xcr ckax5er sur fzce  i s  thzrefore  e s s c n t i e l l y  
. . -  
i 
i 
two copper plates .  The copper p l a t e s  are separated by a s i l i c o n e  rubber 
r i m ,  each rubber rim being attached t o  a copper p l a t e  by Dow Corning 780 
s i l i c o n e  rubber cement. The copper p l a t e  w a s  a t tached t o  the  wood block 
by tapered head screws, t h e  surface of which w a s  sealed with s i l i c o n e  cement. 
Temperature w a s  measured by introducing four  copper-constantin thermouples 
i n t o  t h e  chamber through t h e  bottom block. 
couples were used by introducing them through t h e  rubber rim. 
could be drawn, or gases a d m i t t e d  through t h r e e  valves  i n  t h e  bottom block. 
The filters were introduced in  t h e  cen te r  of t h e  chamber by a copper w i . r e  
support  which could be in se r t ed  o r  removed i n t a c t ,  
A t  t i m e s  as maby as t e n  thenno- 
Vacuum 
The temperature wi th in  the  oven w a s  cont ro l led  by a thermis te r  
probe placed between t h e  hea te r  and t h e  asbestos  pad i n  t h e  lower block. 
The t h e m i s t e r  probe ac t iva t ed  a proport ional  temperature c o n t r o l l e r  
(Dynapac 15). 
potentiometer Model 8686 and monitored by a Bausch and Lomb VOM-7 recorder  
(* - O,l0C). 
add i t iona l  insulat ion.  
The temperature was measured by a Minneapolis-Honeywell 
The e n t i r e  oven w a s  enclosed i n  foil-covered styrofoam f o r  
1 
F m  vacuum experiments a 70Om Hg vacuum w a s  drawn and air  or gas 
admitted u n t i l  t h e  vacuum was  r a i sed  to lOoolm Hg. 
f o r  a t o t a l  of t h r e e  times at  which t i m e  vacuum pumping w a s  stopped and gas 
admitted u n t i l  atmospheric pressure w a s  reached and then bled i n  at  a very 
slow rate. 
This procedure w a s  repeated 
e 
,. 
I, Spores and Assay Procedure. 
The assay procedure using S and S 2'500 anembrane filters appeared 
t o  be s a t i s f a c t o r y  for approximately lo4 spores or less. 
number of spores were used inaccurate  results were noted due t o  t h e  
excessive bacterial load. Rim effects, tha t  i s  a tendency for high 
survival around the ou te r  edges of the membrane, were minimzed by t h e  
use of a rubber gasket i n  the suct ion apparatus,  which constrained t h e  
spores so t h a t  they w e r e  never closer than 1/8 inch from the edge, 
reason f o r  t he  higher surv iva l  of the spores a t  the edge of the f i l t e r  
after hea t ing  is at present  unknown, 
due t o  l o c a l i z a t i o n  of spores by vortexing with a r e s u l t a n t  subsequent 
impingment of a higher number of  spores a t  t h e  ou te r  edge which would appear 
t o  g ive  a h igher  survival.  
numbers of spores, 
When a higher  
The 
It is poss ib le  t h a t  i t  is an a r t i f a c t  
This phenmenen was not  experienced f o r  l o w e r  
As regards t o  t h e  membrane, the  vacuum required t o  impinge the  
spores  onto the  membrane during vacuum f i l t r a t i o n  d id  not seem to make 
any d i f f e rence  (from 200 t o  700 Hg1,nor d id  t h e  sur face  of t h e  f i l t e r ,  
It w a s  noted t h a t  a sh iny  and d u l l  s i d e  was  present  on each membrane but no 
d i f f e rence  i n  recovery due to these surfaces was  noted. Drying a t  45OC 
, 
t '  
i 
I . 
overnight rather than f o r  @ hours d i d  not make any d i f f e rence  i n  survival.  
. 
Five assay media were evaluated for their efficiency in the 
recovery of Bacillus subtilis var. niger spores at 12OoC, 
are presented in 'fable 1, 
experiments, 
TGE agar for this organism, Other agars wiLl be evaluated in the future 
but it should be stated that any evaluation for a wide variety of micro- 
The results 
'1'GE agar is the standard agar used in these 
None of the other agars tested appeared to be stiperior to 
organisms is extremely time consuming, 
test organisms will be employed for evaluation but unless a significantly 
larger recovery is noted, TGE will be the media of choice, 
A limited number of different 
11, Thermal Inactivation Curves of Bacillus subtilis.var, niger, 
The thermal inactivation curves of B. - subtilis var. nigcr for 
oven #I is presented in Figure 3. The data for 135% may be inaccurate 
at short-time intervals due to the fact that in this oven the comeup 
time at 135OC' is approximately 8-10 minutes, 
curve at; 12OoC and 135OC for oven #2 is presented and the data at 135OC 
In Figure 4 the inactivation 
is believed to be more precise than for oven #lo 
obtained from oven #1 at 12OoC is also presented and it is seen to have 
lower values that of obtained in oven #2. The curves at lZO°C is ex- 
For comparison, data 
ponentialdterthe first log cycle of destruction, The curve at 135'C, 
although seemingly linear on this scale, on a somewhat expanded scale 
is also non-exponential for the first log cycle of destruction, The 
reasons for this initial non-linearity may be due to a number of factors 
such as clumping,etc,, or it may be an inherant property of the organism. 
One interesting phenomenon was noted in Figure 4, Sn a study 
initiated to determine the effects of various inert gases on the rate 
of inactivation a sharp decrease in thermal resistivity at 12OoC was 
noted, This procedure involved a vacumgas sparging step, It soon 
became apparent t h a t  exposure of t h e  spores t o  t h ree  successive periods 
of vacuum cycl ing of 30 seconds durat ion each was s u f f i c i e n t  t o  sub- 
sequent ly  s e n s i t i z e  - E), s u b t i l i s  var. n ige r  spores to heat. 
reason fu r the r  experiments t o  a sce r t a in  the e f f e c t  of the  presence of 
For t h i s  
i n e r t s s e s  on thermal r e s i s t i v i t y  w a s  discontinued. 
The white and pink mutants of E. s u b t i l i s  var. n iger  were Eound 
t o  be less r e s i s t a n t  than those fully pigmented and the  r e s i s t i v i t y  of 
those  t h a t  form minute colonies  will be  evaluated i n  the  near future.  
111. Isolates 
Spores from each of f i v e  aerobic  Bac i l lu s  sp, were harvested 
and pu r i f i ed  by washing and assayed a t  12OoC, These were originally 
obtained from s o i l  experiments as described i n  methods. The data i n  
Table 2 ind ica tes  that  none were more r e s i s t a n t  than g. s u b t i l i s  var. niger,  
I 
DISCUSSION 
-
I 
From a p r a c t i c a l  standpoint oven #2 is c l e a r l y  superior  i n  
design and performance to  t h a t  of o v m  # l o  
i s  more uniform than oven #1 and the come-up t i m e  i s  appreciably shorter. 
The temperature uniformity 
I n  the  previous repor t  two f a c t o r s  appeared t o  inf luence  
thermal r e s i s t ance  of spores of E. s u b t i l i s  var. niger  i n  oven #1. 
were t h e  e f f e c t  of forced convection, which decreased survival, and the 
water content of t he  air, 
These 
The dryer t h e  air  the  lower the  survival ,  
I n  preliminary experiments i n  determining come-up t i m e s  both 
a i r  and argon w e r e  comparable but greater than f o r  helium (See Figure 21, 
Because of t h e  lower hea t  c a p a c i t y  and t h e  higher thermal conduct ivi ty  
t h e  come-up t i m e  with helium was a q u a r t e t  of t h a t  of a i r  o r  argon, 
Although t h e  temperature p r o f i l e  i n  oven #2 was considered 
isothermal t h i s  was i n  a plane adjacent t o  t h e  f i l t e r s .  
t h e  vertical d is tance  wi th in  t h e  chamber was small it took a f i n i t e  
t i m e  f o r  t h e  vertical temperature pa t t e rn  t o  approach uniformity (Table 3). 
It w a s  assumed i n  these  studies with the  second chamber t h a t  convection was 
minimized and t h a t  energy t r ans fe r  w a s  e s s e n t i a l l y  by e i t h e r  r a d i a t i o n  or 
by diffusion,  
Even though 
I .  
( 9 )  
'l'he e f f e c t  of drawing a vacuum and the  re in t roduct ion  of air  
o r  helium t o  t h e  chamber, which resu l ted  i n  hxeasiXssrirviva1,intro- 
duced a number of other  va r i ab le s  i n t o  t h e  experiments, This  observa- 
t ion ,  p lus  t h e  f a c t  t h a t  forced convection w a s  noted to  have decreased 
surv iva l  i n  Oven #1 ind ica ted  that i n  some manner, during t h e  i n i t i a l  
subject ion of the  spores t o  elevated temperatures a cr i t ical  event(s1 
occurs. 
thermal r e s i s t i v i t y ,  
'l'his e f f e c t  w a s  not noted i n  experiments w i t h  forced convection a t  room 
temperature or by t h e  vacuum treatment a t  room temperature but only a t  
high temperatures, 
w a t e r  orsme other volatile component is  removed from t h e  spore which 
f u r t h e r  s e n s i t i z e s  the spore t o  heat, 
by preliminary des icca t ion  may be necessary f o r  the  maintenance of t h e  
i n t e g r i t y  of t h e  cons t i t uen t s  of t h e  spore, and which may be responsi- 
b le  f o r  m a x i m a l  thermal resistivity, 
f u t u r e  research, 
been noted by Davis, Silverman, and Keller (Applied Microbial JJ, 202, 
1963) f o r  spores heated i n  vacuum above 6OoC, f o r  vege ta t ive  cells 
(Silverman, unpublished) at temperatures above 45OC, and w a s  postulated 
by Bruch ( L i f e  -Sciences and Space Kesearch. North-Holiand Publ. CO,, 
Amsterdam; A, Dollfus, ed., p. 357). The r e l a t i v e l y  sho r t  vacuumair exposure 
t reatment ,  l a s t i n g  only a t o t a l  of a minute and a h a l f ,  appeared t o  be 
capable of permanantly s e n s i t i z i n g  the  e n t i r e  spore population s ince  t h e  
This  a l t e r a t i o n  of spore i n t e g r i t y  i s  r e f l ec t ed  i n  a lower 
Two speculations appear t o  be of most promise. 
It is  conceivable t h a t  at; an  elevated temperature 
The water which is not removed 
T h i s  e f f e c t  w i l l  be pursued i n  
It is i n t e r e s t i n g  though t h a t  a r e l a t ed  e f f e c t  had 
I. 
I 
(10) 
s lope  of t h e  inac t iva t ion  curve d i d  no t  chnn::e, The second pos tu la te  is  
t h a t  the vacnum-air treatment may c m s e  a premature gemina t ion  s t  a t e  in 
the  spores which increases  t h e i r  s u s c e p t i b i l i t y  t o  heat, The absence of 
water i n  t h i s  system would prevent a fu r the r  and more obvious germhati-on 
from occuri,ng, This  second postt i late w i l l  also rece ive  some a t t e n t i o n  in 
f u t u r e  invest igat ions,  
There are a number of approaches to t h e  evaluat ion of da ta  obtained 
from thermal inac t iva t ion  st.udies, 
pattern one may state mathematicaLly that:  
Assuming a logari thmic inac t iva t ion  
N K' t t 10g-e-  - -  = o m =  0 -  
NO 2.303 D 
Where N = 
No= 
K'= 
t =  
D =  
number of surviving spores a t  t i m e  t 
i n i t i a l  number of spores a t  t i m e  to 
rate constant;  K = - 
t i m e  
= s lope  of survival curve K' 
2.303 
l/U = t i m e  t o  destroy 90'70 of t h e  spores, 
T h i s  l i n e a r  r e l a t ionsh ip  has been accepted i n  practice- over a 
small temperature range by most inves t iga tors  but has r ecen t ly  been questioned 
by o t h e r s - a t  least f o r  a number of organisms, 
s tud ie s  t o  w i d e r  temperature ranges more recent: a t tempts  have been devoted 
I n  an attempt t o  expand 
toward applying chemical reac t ion  k i n e t i c s  to  surv iva l  data ,  The Arrhenius 
equation is j u s t  such an attempt and which i s %  
-Ea/RT 
K' = Ae 
where Ea  i s  termed the ac t iva t ion  energy, R being t h e  un ive r sa l  gas constant ,  
A t h e  frequency fac tor ,  T t h e  absolute  temperature, and R t h e  un ive r sa l  gas  
constant,  Normally, by p l o t t i n g  DlZ.3 = K' versus  the r ec ip roca l  of the  * 
absolu te  temperature ,  a s t r a i g h t  l ine  having a s lope  Ea (2,3R) is obtained. 
,. 
. (11) 
Another method 
of chemical Kinetics so 
o€ analys is  i s  t h a t  of t h e  Absolute Keaction Theory 
where K" 
t o  t h e  state of reactant molecules r a t h e r  than t o  proceed t o  t h a t  of t h e  
r eac t ion  products; K'" i s  Boltzmann's constant,  T is t h e  absolu te  temperature, 
is  t h e  p robab i l i t y  t h a t  an ac t iva t ed  complex w i l l  not r e t u r n  
A S  is t h e  entropy of ac t iva t ion ;AH i s  t h e  enthalpy of ac t iva t ion ,  and h is 
Planck's constant. 
The theory implies t h a t  beEore forming a product t h e  r e a c t a n t s  
must a t t a i n  a n  ac t iva t ed  state - which determines t h e  rate of reaction. 
For spores, a spore would reach an ac t iva t ed  state before it i s  destroyed. 
Free  energyAP is related todl1 andAS'by t h e  r e l a t ionsh ip :  
b F*= AH#. TDP 
It is assumed t h a t  by obtaining values f o r  t h e s e  various terms a greater 
i n s i g h t  i n t o  mechanisms underlying thermal i n a c t i v a t i o n  can be obtained 
and t h a t  known chemical r eac t ions  can serve a s  t h e  model €or these  mechanisms. 
In t h i s  s tudy  va lues  f o r  these var ious  terms have been derived. 
In  a c t u a l i t y  t h e i r  app l i ca t ion  i s  of l imi ted  useEulness as regards  t o  
explaining p rec i se  mechanisms but ,  it is  hoped t h a t  as more d a t a  i s  ob- 
t a ined ,  and the  Variables become elaborated t h a t  add i t iona l  i n s i g h t  w i l l  
be derived, Some rep resen ta t ive  values are repor ted  for t h i s  s t u d y  i n  
Table 4 and the  Arrhenius p l o t  i s  given i n  Figure 5. 
t h i s  study is  compared to  t h a t  of Koesterer (Nasr-31, F i n a l  Report, 1962; 
Developments i n  I n d u s t r i a l  Microbial. 5, 268, 1964). 
presented i n  Fig. 6. 
The d a t a  obtained i n  
The D va lues  are 
T h e  caicii lations used i n  Tab le  4 i s  derived from both ovens 
This is  not considered t o  be a s i g n i f i c a n t  source of e r r o r  1 and 2, 
since,  a t  120OC, although t h e  shoulders f or t h e  inac t iva t ion  curves 
d i f f e r ,  the  s lopes  are e s s e n t i a l l y  equal, 
eqtiations have been derived for non-exponential curves of t h i s  nature, 
These equations w i l l  be f u r t h e r  evaluated for their appl ica t ion  t o  dry  
heat in t h e  next report ,  
I n  r a d i a t i o n  a number of 
Analysis of t h e  k i n e t i c  data for dry  heat ind ica t e s  t h a t  t h e  
en tholp ies  are small, c h a r a c t e r i s t i c  of simple chemical reac t ions ,  and 
t h a t  t h e  en t ropies  of a c t i v a t i o n  h a v e  small p o s i t i v e  or negative values. 
'Oiis d a t a  supports t h e  hypothesis that molecular aggregates, necessary 
f o r  t h e  maintenance oE v i a b i l i t y  o f  t he  cel l ,  are not i nac t iva t ed  by dry 
heat  by a l a r g e  number of randomizing events such as t h e  uncoiling of 
pro te in  micelles, etc,, 
reflects l a rge  conf igura t iona l  changes (Pol la rd  and Reume, Biophysics 
I 32, 278,  1951). 
lower4 S and A H  f o r  dry  hea t  than for w e t  hea t ,  and caut ion  t h a t  t h i s  
type of ana lys i s  does no t  lend itself t o  a p rec i se  ana lys i s  of s t r u c t u r a l  
changes, Pflug (Food Technol. 14, 483, 1960; see a l s o  P h i e l  
Abs, A19, p, 5 1963) found t h a t  superheated steam was  less e f f e c t i v e  
for spores of Bac i l lu s  s u b t i l i z  s t r a i n  5230 than sa tu ra t ed  steam, The I; 
value i n  t h e i r  s tudy  was found t o  be 429, i n  t h i s  s tudy  it w a s  32OP. 
Koesterer (op, cit,) obtained d i f f e r e n t  values than  those  noted i n  t h i s  
study, Th i s  may very w e l l  be due to s t r a i n  d i f fe rences ,  One s t r a i n  of * 
Typical k i n e t i c  d a t a  for w e t  hea t  normally 
Pol la rd  and Reume noted, f o r  t h e  T phages, a much 
all Elicrobbol. 
B, - s u b t i l i s  var. n ige r  i n  t h e  authors labora tory  has  y ie lded  va lues  similar t o  his. 
0 
I .  
I 
a 
1, The thermal r e s i s t i v i t i e s  of,wide spectrum of o r g a n h n s  w i l l  
be determined by screening procedures, 
those organisms found i n  s o i l ,  o r  a i r  contaminants, 
r e s i s t a n t  organisms w i l l  be s tudied i n  more d e t a i l  and k i n e t i c  
da t a  w i l l  be obtained, 
used as a standard, 
This w i l l  include 
The m o s t  
Bac i l lus  s u b t i l i s  var, n iger  w i l l  be 
2. The e f f e c t  of an i n i t i a l  vacuum exposure t o  spores w i l l  be 
invest igated,  
w i l l  be examined. 
Certain aspects  o€ germination and outgrowth 
3, The e f f e c t  of equ i l ib ra t ing  spores of E, s u b t i l i s  var, n ige r  
a t  d i f f e r e n t  water a c t i v i t i e s  wi.11 be ascertained. If this  
factor proves t o  be important then a v a r i e t y  oE i s o l a t e s  
w i l l  also be studied, 
4, Kecovery media will continue t o  be evaluated. 
5. The e f f e c t  of t h e  composition of the  sporu la t ing  media on 
thermal r e s i s t i v i t y  to dry hea t  w i l l  be determined, 
I. 
Table 1. Recovery of Bac i l lu s  subtilis var. n ige r  a t  12OoC, 
Media 
Brain Heart infus ion  agar  
Nutr ient  agar  
P l a t e  Count Agar 
T ryptoneg lucose-extract 
Trypt icas e-Soy 
extract 
Exposure 
(12ours 1 
2 
1 
2 
1 
2 
3 
+O,% yeas t  2 
Sinviva1 Frac t ion  
1.4 x loo2, 
-1 
1.7 x 10 
1.7 x 10" 
3.3 x 10-L 
1.8 x log2 
3.2 
1.8 x lo-' 
I .  
Table 2. Thermal Resistivity at 120°C of F i v e  Isolates From SOLI. 
Isolate 
39A 
5QA 
606A 
607A 
984 
33nciilus subtilis 
var, niper 
(From Table 1,) 
- 
Period of 
Exposure 
Olours 1 
2 
2' 
2 
2' 
1 
2 
1 
2 
Survival Fraction 
5,6 
0 ~ 1 0 ' ~  
4 loo5 
7,2 lom3 
7 log4 
-4 
1.4 x 10 
-1. 
3.3 x 10 
1.8 x loo2 
a 
,. 
Table 3. The l lor izontal  and Ver t ica l  Temperature Distr ibut ions* i n  
Oven #2 a t  120~~. 
1, Iiorizontal  d i s t r i b u t i o n  i n  cen te r  plane 
Distance 
along 1.5in 4, Oin 
Distance 
across  
1.5in -0 . l0C +O, 05OC 
4.0in -0.2 +0,1 
6.5in -0.2 +0.05 
6.5in 
0 
+0,05 C 
+0.05 
+O. 05 
9.0in 
-0,15°c 
-0. 1 
-0.2 
2, Vertical d i s t r i b u t i o n  
Distance above center  plane 0.125in ' +O03OC 
Center plane 0. Oin o.ooc 
0 Distance below center  plane 0,225in -0.2 c 
*fhe values  ind ica te  t h e  average devia t ion  from 
t h e  m e a n  oven temperature. 
.. 
Table 4. 
. 
Kinetic Values Calculated from the Data in this Study 
And from the Data of Koesterer (1964) 
This study 106 4.4 1,4x104 17,700 35,400 10l6 3 2. I 
120 0.8 8,W10A 10l6 
135 0.13 5,1x1Og3 
Koesterer 115 2.5 2.55~10~ 12,900 25,800 lo1 c 49 I 
l 
a S* 
(cal/mole OK) 
1' d F *  imf 
( O C )  ( cal/mo le 1 (cai/mo le 1 
34,600 14,8 This study 106 29,000 
120 28,000 34,600 14.5 
Koesterer 115 29,300 25,000 -11.1 
e 
l 
I 
Figure I. SchematFc of? Oven It2 
Key 
A. 
B. Coarse wire screen support 
C, Fiberglass insulation 
D. Silicon rubber rim 
E, Copper p l a t e  
F, Shee t  heater  
Go Asbestos pad 
H, Wood i n s u l a t i o n  
I, Valve o u t l e t s  
Copper wires for supporting filters 
, 
Figure 2, Come Up Characteristics 
OE Oven KZ at 120'~ 
Normai condition air 15--6- 
Vacuum-forced convection treatment 
with air and argon 
Vacuum-f orced convection treatment -* 
with helium 
Normal condition, oven #1 ---- 
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Figure 3. Survival Curves for A i r  
For Bacillus subti l is  var, niger in Oven #I 
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Figure 4 .  Survival Curves for Air 
For Bacillus subti l is  var. niger i n  Oven #2 
Normal exposure a t  120'~ Jc--3t 
Exposure at 12OoC with 30 seconds 
i n i t i a l  vacuum-forced convection 
NOZ-IWL exposure at 120~~-oven #1 
Normal exposure a t  135'C *A- 
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Figure 5, Arrhenius Curves for Bacillus s u b t i l i s  var. n i g e r  
From Data i n  t h i s  Study 
And Data from S t u d i e s  of Koesterer (1964) 
This study 4++ 
Koes terer --0--9- 

-_ 4 
Pigme 6, Phantom Thermal Death T i n e  Curves 
On Data from T h i s  Study 
And D a t a  from -<he Work oC Koesterer (1964) 
For Baci l lus  s u b t i l i s  var, n iger  (D values  versus  TOG) 
KeV 
I 
This study 
Koes t erer 
. .+ 
I .  
mrnaily a red-pi,Qeated organis=, also ccn ta imd  a naabcr of c.utants. 
These were: 
1) Spores  vhich for -ed  less 21gz-,ented progeny, 
31 ,?ores which EOI?T.C? rninutc colozies after a pre- 
I iEinary dr17i-g 'irezt3er.t a t  45OC. 
The 250~2 cEtz.nts were isolated z ~ d  t h l r  t h e m a l  resistivities 
vere coaparcd t o  t 5 a t  of t h e  or igin21 culture, 
vcry hish, 
T k T r  incidence i s  not 
The nethod for obtainizg spores, their iethGds for assay, and 
I .. 
3, Isofates 
Of 
. ..- 
